INTRODUCTION
Adequate sperm motility is essential for successful fertilization in fishes during artificial propagation [1] [2] [3] . Sperm from most fish species is inactive in milt, and only becomes motile upon contact with activating solutions such as water or ovarian fluid [1, 4] . Once activated, the sperm are then able to pass through the micropyle and fertilize the eggs [5] . Sperm from salmonids exhibits particularly short durations of motility, with maximum motility of only 15 to 40 seconds, and immotility after several minutes [4, 6, 7] . Milt is frequently stored prior to spawning, with the resulting sperm motility influenced by the duration of milt storage and storage conditions, such as temperature, oxygen content, anesthesia, ion concentrations, and pH [3, [8] [9] [10] [11] . The population of landlocked fall Chinook salmon (Oncorhynchus tshawytscha) in Lake Oahe, South Dakotais entirely dependent on hatchery production from feral fish [12] , with the resulting egg survival typically very low [13, 14] . Standard Lake Oahe Chinook salmon spawning procedures involve placing the milt on ice immediately after stripping, with subsequent use up to an hour later. The possible effects of milt storage on sperm motility in landlocked fall Chinook salmon has never been evaluated. This study was initiated to address this lack of knowledge, in light of the historically low reproductive success during hatchery incubation of this specific population. Thus, the objective of this study was to determine the motility at various time intervals of landlocked fall Chinook salmon sperm after milt storage on ice.
MATERIALS AND METHODS

Milt Collection
Milt and data collection occurred during spawning on October 26 and November 3, 2016 at Whitlocks Spawning Station near Gettysburg, South Dakota, USA. On each of the spawning dates, four mature males were randomly selected from a pool of approximately 20 males which had undergone carbon dioxide anesthesia. Each male was manually stripped via abdominal massage [4] , with approximately 40 mL of milt collected in a 50mL plastic centrifuge tube (Fisher Scientific, Chicago, Illinois, USA). Milt from each male was maintained discretely throughout the experiment. Each tube was placed into a rack, with the entire rack placed into a plastic pan containing an ice-water bath rising to approximately 50% of the tube height. The timing of milt collection from individual males was staggered to record duration of motility immediately post-stripping (time-0).
Sperm Motility
Sperm motility was defined as progressive forward movement, while immotility was defined as movement within place, circular vibration, or no sperm movement at all. Duration of motility was examined over two hours at 20 minute intervals, beginning immediately after stripping (time-0). The two hour time limit was used because spawning operations, and milt storage, typically only occur for one hour, and never exceed two hours. To assess motility, milt was removed from each tube using a 3-mm sterile syringe with a 22-gauge, ¾-inch sterile needle and placed on a microscope slide. Using a plastic 5 mL pipette, two drops of lake water were placed on the slide to activate the sperm. Immediately after activation, a cover slip was placed on the slide, and the slide was viewed under a Motic BA310LED compound microscope (Motic, Hong Kong, China) at 40x magnification. The presence or absence of motility was recorded, and if motility was observed, the number of seconds sperm remained motile was recorded. Both temperature of the ice bath and temperature of the milt were recorded at each sampling interval. The lake water used for activation was between 12.5 and 13°C on both spawn days.
Statistical analysis
One-way repeated measures analysis of variance (ANOVA) was used to test for significant differences in motility duration between the two spawn days (α = 0.05).A significant difference in duration of motility existed between groups (p< 0.001); therefore, each group was analyzed separately. Two-way repeated measures ANOVA was used to test for the effects of milt temperature, time after stripping, and the interaction between milt temperature × time after stripping on duration of motility. Where appropriate, differences between groups were evaluated with a post-hoc, paired t-test with a Holm correction. All analyses were performed using R version 3.1.2 [15] .
RESULTS AND DISCUSSION
In all samples, sperm exhibited motility for the entire two hour period. No significant differences in sperm motility duration over time were observed on the first spawn day, with mean sperm motility duration ranging from 76 seconds (± 10 seconds; SE) at 20 minutes after stripping to 43 seconds (± 5 seconds) at 120 minutes (Figure 1 ).Mean sperm motility duration on the second spawning day ranged from 51 seconds (± 4 seconds) at time-0 to 29 seconds (± 2 seconds) at both 100 minutes and 120 minutes after stripping, and the duration of sperm motility at 80, 100, and 120 minutes post-stripping was significantly lower compared to sperm motility at time-0 and 20 minutes after stripping (F = 7.1; df = 6; p = 0.003). Duration of sperm motility differed significantly between the first and second spawn days (F=60.5; df =1; p<0.0001). 
Landlocked Fall Chinook Salmon Sperm Motility after Short Term Milt Storage
Mean milt temperature was similar between spawn days (Figure 2) . On the first spawn day, mean milt temperature was 13.9ºC at time-0 and 5.3ºC at 100 minutes. On the second spawn day, mean milt temperature decreased from 11.8ºC at time-0 to 5.3ºC at 60 minutes, and increased to 8.8°C at 120 minutes ( Figure 2 ). This study documents for the first time that landlocked fall Chinook salmon sperm can maintain motility after being stored on ice for at least two hours. These results are similar to that observed in other salmonid species. Atlantic salmon (Salmo salar) sperm held at 4°C had no decline in motility up to four hours after stripping [16] . Both sockeye salmon (O. nerka)and pink salmon (O. gorbuscha) milt refrigerated for several days at temperatures< 3.2°C were able to maintain high fertilization rates [17] .In contrast, rainbow trout (O. mykiss) sperm held between 13°C and 15°C was completely immotile after 20 to 30 seconds [6] . This suggests that keeping sperm at a lower temperature for the duration of this study was an important factor in maintaining sperm motility. The decline in the duration of sperm motility after 60 minutes on the second spawning day is similar to results obtained with rainbow trout milt [18] . No decrease in rainbow trout sperm motility was observed for up to 60 minutes after stripping, but significant decreases in motility were observed by 120 minutes poststripping [18] .
In addition to storage temperature, oxygen availability is another important factor in maintaining sperm quality during milt storage [1, [19] [20] [21] [22] . Fish sperm cannot survive in an anoxic environment [20] , and several authors have documented the benefits of oxygen availability to stored salmonid sperm [19, 22, 23] . Although not measured, differences in the oxygen content during storage may have played a role in the observed decrease in motility over the two hour period, and could possibly explain the differences observed between the two spawning dates.
Differences in duration of sperm motility between spawn dates could also be associated with differences in male condition. Sperm quality, as defined by characteristics such as motility, flagellal presence, and sperm head shape, has been reported to change as the spawning season progresses [22, 24, 25] . The duration of rainbow trout sperm motility has been observed to significantly peak during the middle of the spawning season, but was comparatively lower at the beginning and end of the spawning season [26] . The first spawning date used in this study was approximately 10 days after the peak of spawning, and the second spawning date was 17 days post-peak [27] . It is possible that the differences in sperm motility duration between the two spawning dates may have been due to differences in male condition.
CONCLUSIONS
In conclusion, Lake Oahe Chinook salmon sperm remained motile for the entire two hour study. Although the duration of motility significantly declined after 80 minutes on the second spawning date, this decline was likely not severe enough to impact sperm fertilization capabilities. Therefore,
